Purpose: In this study, we sought to determine whether Delta-24 could sensitize glioma cells to the topoisomerase I inhibitor irinotecan and to identify the mechanisms underlying this enhanced anticancer effect. Experimental Design: We used human glioblastoma cell lines for the in vitro studies. The expression of topoisomerase I was determined in Western blot analyses, and topoisomerase I activity was determined by measuring the relaxation of a supercoiled DNA. The cell cycle distribution of cells was determined by flow cytometry analysis of the cellular DNA content. Cell viability was quantified by a 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide assay. Tissue culture infection dose assays were used to quantitate adenovirus replication. For the in vivo studies, athymic mice received intracranial/intratumoral injections of Delta-24 in combination with CPT-11, after which animal survival was monitored. Results: Delta-24 infection caused human glioma cells to accumulate in the S phase and induced the expression and activity of topoisomerase I as shown by Western blot and in vitro enzymatic activity assays. Further, we showed that the sequential administration of Delta-24 and CPT-11to human glioma cell cultures potentiated the CPT-11-mediated anticancer effect in vitro without modifying the replicative phenotype of the oncolytic adenovirus. In vivo experiments showed that the single intratumoral administration of Delta-24 to intracranially implanted human glioma xenografts followed by the systemic administration of CPT-11resulted in significantly prolonged animal survival. Conclusions: The combination of Delta-24 treatment with CPT-11showed an enhanced anticancer effect, which suggests that the interaction between adenoviral and human proteins can be exploited in rational anticancer therapies comprising replication-competent adenoviruses and conventional chemotherapeutic agents.
Tumor-selective replication is one of the most relevant advances in adenovirus-based anticancer therapies. The oncolytic virus is itself capable of lysing the infected tumor cell to eradicate or reduce tumor mass. Replication amplifies the input dose of the oncolytic virus and helps disseminate the agent to adjacent tumor cells. We have described previously such a conditionally replicative adenovirus, called Delta-24, which expresses a mutant E1A protein that is unable to bind to Rb (1) . Because of this inability to bind to Rb, Delta-24 behaves like a wild-type adenovirus in cancer cells but does not replicate efficiently in nondividing normal cells. It has been reported that adenoviruses infect primarily quiescent cells and then induce them to enter the S phase of the cell cycle so that viral DNA synthesis can occur (2, 3) . This ability to induce quiescent cells to enter the S phase makes these viruses attractive for use with agents, such as topoisomerase I inhibitors, which target cells in the S phase. Of particular interest, Delta-24 induces the accumulation of infected cancer cells in the S phase (1) .
Previous studies have shown that the level of topoisomerase I expression correlates with sensitivity to the topoisomerase inhibitor camptothecin in some tumor cells (4) . Topoisomerase I inhibitors are a class of agents that interfere with DNA ''unwinding'' during DNA replication and RNA transcription and stabilize DNA-topoisomerase I complexes through noncovalent interactions to yield enzyme-linked DNA singlestrand breaks. The prolonged exposure of replicating cells to these agents produces lethal dsDNA breaks that can trigger programmed cell death (5) . Therefore, strategies that upregulate topoisomerase I protein levels and activity could enhance the effects of topoisomerase I -dependent chemotherapy. It has been reported that adenovirus infection also elevates cellular topoisomerase I levels, making adenoviruses even more attractive in combination with S-phase-specific agents (6, 7) .
In this study, we sought to determine in vitro and in vivo whether Delta-24 could both sensitize glioma cells to the camptothecin analogue irinotecan (CPT-11) by up-regulating topoisomerase I expression and inducing cancer cells to accumulate in the S phase. Our results showed that the infection of cancer cells with Delta-24 resulted in the marked accumulation of cells in the S phase and in an increase in the levels and activity of topoisomerase I in human glioma cells. Further, we found that the sequential administration of Delta-24 and CPT-11 significantly prolonged the survival of gliomabearing animals. Our study therefore showed that there is a rational basis for the combination of adenoviral therapy and chemotherapy and that the anticancer effect of the two agents was enhanced when given in combination.
Materials and Methods
Cell lines, adenoviral constructs, and infection conditions. The human glioma cell lines U-87 MG and U-251 MG were purchased from the American Type Culture Collection (Manassas, VA). Cells were maintained in DMEM/F-12 (1:1 v/v; The University of Texas M. D. Anderson Cancer Center Media Core Facility) supplemented with 10% FCS and 1% antibiotic/antimycotic agent (Life Technologies, Grand Island, NY) in a humidified atmosphere containing 5% CO 2 at 37jC. The replication-selective adenovirus Delta-24 has been described previously (8) . This construct has a 24-bp deletion of the E1a region (nucleotides 923-946, both included), corresponding to amino acids L 122 TCHEAGF 129 , a region required for Rb protein binding. As controls, we used the wild-type adenovirus Ad300 (9), Delta-24 virus inactivated by UV light (UVi Delta-24; inactivated by exposure to seven cycles of 125 J UV light), and mock infections with culture medium.
The glioma cells were infected as described previously (1) . Briefly, the viral stocks were diluted to the indicated multiplicities of infection (MOI; plaque-forming units per cell), added to cell monolayers (0.5 mL/60-mm dish or 5 mL/100-mm dish), and incubated at 37jC for 30 minutes with brief agitation every 5 minutes. After this, the necessary amount of culture medium was added and the cells were returned to the incubator for the prescribed times.
Drugs. CPT-11 was kindly provided by Pharmacia Corp. (Kalamazoo, MI). Stocks of 20 mg/mL in aqueous solution were kept at 4jC.
Western blot analyses. Glioma cells were infected with 50 MOIs of Delta-24, wild-type Ad300, or UVi Delta-24 or were mock infected. Total cell lysates were prepared 20 hours after infection by incubating the cells in radioimmunoprecipitation assay buffer [150 mmol/L NaCl, 1% Triton X-100, 1% sodium deoxycholate, 0.1% SDS, 20 mmol/L EDTA, and 50 mmol/L Tris (pH 7.4)] for 1 hour at 4jC. Protein (50 Ag) from each sample was subjected to 10% SDS-Trisglycine gel electrophoresis and transferred to a nitrocellulose membrane (Schleicher & Schuell, Inc., Keene, NH). The membrane was blocked with Blotto-Tween [3% nonfat milk, 0.05% Tween 20, 0.9% NaCl, and 50 mmol/L Tris (pH 7.5)] and incubated with rabbit anti-human topoisomerase I serum (dilution 1:2,500; TopoGEN, Inc., Columbus, OH); mouse anti-human actin monoclonal antibody IgG (dilution 1:3,000; Amersham Corp., Arlington Heights, IL) was used as a loading control. The secondary antibodies were horseradish peroxidaseconjugated donkey anti-rabbit and goat anti-mouse IgG (Amersham). The membranes were developed according to Amersham enhanced chemiluminescence protocol.
DNA topoisomerase I activity. The activity of topoisomerase I was determined by measuring the relaxation of supercoiled Escherichia coli DNA (pBR322) using the topoisomerase I assay kit (TopoGEN) essentially according to the method of Liu and Miller (10) . First, 2 Â 10 6 U-87 MG or U-251 MG cells were seeded, and 24 hours later, the cells were infected with Delta-24 or UVi Delta-24 at a MOI of 50. Twenty hours after infection, topoisomerase I was extracted as described previously (11) . Topoisomerase I activity was determined following the instructions that came with the assay kit. Briefly, the reaction mixtures used contained supercoiled (form I) plasmid substrate DNA, nuclear extract (5.0 Ag/mL protein), and the assay buffer. Positive control samples contained topoisomerase I (5 units). The reaction mixtures were incubated at 37jC for 30 minutes, and the reactions were terminated by adding 5 AL stop buffer/gel loading buffer. Proteinase K (Qiagen, Valencia, CA) was added to a concentration of 50 Ag/mL, and the mixture was digested for 60 minutes at 37jC. Samples were loaded onto a 1% agarose gel and electrophoresed overnight at room temperature in a running buffer of Tris-acetate EDTA with chloroquine (0.2 Ag/mL; Sigma-Aldrich, St. Louis, MO). The gel was stained with 0.5 Ag/mL ethidium bromide.
Cell cycle analysis. The DNA content was measured in samples of 10 6 cells that had been infected with 10 MOIs of Delta-24 or UVi Delta-24 or had been mock infected. Forty-eight hours later, cultures were treated with CPT-11 (4 Amol/L) or vehicle. Cells were trypsinized 3 to 5 days after drug treatment, fixed in 70% ice-cold ethanol, and incubated with propidium iodide (5 Ag/mL) and RNase A (1 Ag/mL) for 20 minutes at 37jC. All DNA content measurements were done with an EPICS XL-MCL cytometer (Coulter Corp., Hialeah, FL) equipped with an air-cooled argon ion laser emitting 488 nm at 15 mW. A multicycle program (Phoenix Flow System; Phoenix Controls Corp., San Diego, CA) was used for data analysis.
Cell viability assays. The chemosensitivity of the treated glioma cells was assessed by using the tetrazolium salt 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (Sigma-Aldrich) to measure cell viability. For this assay, 2 Â 10 3 cells per well were seeded in 96-well microtiter plates and infected 24 hours later with Delta-24 (at 1, 2.5, 5, or 10 MOIs) or UVi Delta-24 (10 MOIs) or were mock infected. Forty-eight hours after adenoviral treatment, the cells were treated with various concentrations of CPT-11. Triplicate wells were used for each condition. Sixteen wells seeded with untreated glioma cells were used as a viability control, and 16 wells containing only complete medium were used as a control for nonspecific dye reduction. Medium was removed 72 hours after drug treatment, and 100 AL 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide solution (1 mg/mL) was added to each well. The plates were then incubated for an additional 4 hours and then read on a Spectramax 190 microplate reader (Molecular Devices, Sunnyvale, CA) at a test wavelength of 570 nm.
Viral replication assays. U-87 MG and U-251 MG human glioma cells were seeded at a density of 5 Â 10 4 per well in six-well plates and infected 20 hours later with Delta-24 or UVi Delta-24 at a MOI of 1. CPT-11 (5 Amol/L) was added 48 hours later. Three days after drug treatment, we scraped the cells into culture medium and lysed them with three cycles of freezing and thawing. We used the TCID 50 method to determine the final viral titration as described previously (8) . Briefly, the cell lysates were clarified by centrifugation and the supernatants were serially diluted in medium for infecting 293 cells in 96-well plates. We analyzed the cells for cytopathic effect 10 days after infection. Final titers were determined as plaque-forming units using the validation method developed by Quantum Biotechnology (Carlsbad, CA).
Animal model. To assess the potential therapeutic relevance of the findings from the in vitro studies, we tested the Delta-24/CPT-11 sequential treatment in an in vivo model of a human glioma xenograft implanted intracranially. We selected the U-87 MG cell line for this purpose because it produces gliomas in nude mice with highly predictable growth kinetics and well-characterized pathologic features (12) . To perform a reliable multiple-dose experiment, we used an implantable guide-screw system developed in our laboratory that allows for multiple, precise intratumoral administrations of a therapeutic agent (12) and has been validated for testing the antiglioma effect of Delta-24 (8) . In this study, 5 Â 10 5 cells of the U-87 MG human glioma cell line were engrafted in the caudate nucleus of athymic mice (Harlan-Sprague-Dawley, Inc., Indianapolis, IN). On day 3 after cell implantation, animals were treated with a single intratumoral injection of Delta-24 or UVi Delta-24 (1.5 Â 10 8 viral particles in 5 AL). CPT-11 was given on days 7, 12, and 20 after cell implantation (5 mg/kg i.p.). Animals showing general or local symptoms of toxicity were sacrificed, and the surviving animals were sacrificed 110 days after engraftment. Brains were fixed in 4% formaldehyde for 24 hours and embedded in paraffin. H&E-stained slides were analyzed for evidence of tumor, necrosis, and viral nuclear inclusions. Animal studies were done in the veterinary facilities of M.D. Anderson Cancer Center in accordance with institutional guidelines.
Statistical analyses. For the in vitro experiments, statistical analyses were done using a two-tailed Student's t test. Data are mean F SD. The in vivo anticancer effect of different treatments was assessed by plotting survival curves according to the Kaplan-Meier method, and groups were compared using the log-rank test.
Results
Delta-24 infection enhanced expression and activity of topoisomerase I. We investigate whether Delta-24 adenovirus could sensitize glioma cells to the camptothecin analogue CPT-11 by up-regulation of topoisomerase I expression. We first assessed the expression of topoisomerase I in the U-87 MG and U-251 MG human glioma cells after infection with Delta-24. We selected these two cell lines because we had already used them to characterize the antiglioma effect of Delta-24 (1) . Western blot analysis showed that endogenous topoisomerase I was expressed at a low level in both glioma cell lines ( Fig. 1A) . However, treatment with Delta-24 resulted in at least a 4-fold increase in topoisomerase levels in both cell lines compared with mock-infected or UVi Delta-24 -infected cells. Cells infected with the wild-type adenovirus exhibited an increase in topoisomerase I expression similar to that seen in the Delta-24infected cells. We next determined whether Delta-24 infection resulted in increased topoisomerase I activity in glioma cells in culture. A plasmid DNA used as a template for the topoisomerase I reaction incubated with UVi Delta-24 -infected nuclear extracts appeared predominantly in the supercoiled form, similar to the finding in the control cells containing the form I DNA plasmid without topoisomerase I. In addition, Delta-24-infected nuclear extracts from both glioma cultures displayed a topoisomerase I activity that caused the plasmidic DNA to relax comparable with the finding in the topoisomerase I -treated positive controls (Fig. 1B) . Taken together, these observations indicate that infection with the Delta-24 adenovirus increases topoisomerase I protein levels and activity.
Cell cycle profile of Delta-24-and CPT-11-treated cells. Previous data from our group showed that Delta-24 infections cause cells to accumulate in the S phase of the cell cycle (1) . In this study, U-87 MG and U-251 MG human glioma cells were infected with Delta-24 adenovirus and treated 2 days later with CPT-11. Cells were then collected and their DNA content was examined by flow cytometry. As expected, the accumulation of Delta-24-infected cells in the S phase of the cell cycle was striking (>70% of the cells in culture) and statistically significant in comparison with the control cells infected with UVi Delta-24 (P < 0.001; Table 1 ). We also showed that treatment with CPT-11 resulted in an accumulation of cells in the G2-M phase (>55% of the cells in culture; P < 0.001, compared with vehicle-treated cells; Table 1 ).
We next investigated the effect of the combination of the Delta-24 adenovirus and CPT-11 on cell cycle progression. Cells infected with Delta-24 and then treated 48 hours later with CPT-11 showed an overrepresentation of cells in the S phase (>65% of the cells in culture) with a dramatic decrease in the G2-M population (<20% of the cells in culture). Thus, cells treated with a combined regimen exhibited a cell cycle profile similar to that of cells treated with Delta-24 alone ( Table 1 ). These data indicate that Delta-24 infection overrides the G2-M arrest induced by CPT-11 and maintains a large population of cells in the S phase, suggesting that Delta-24-infected cells are likely to be particularly susceptible to S-phase-based chemotherapeutic agents. Effect of CPT-11 and Delta-24 on proliferation of human glioma cells. We next ascertained the sensitivity of U-87 MG and U-251 MG glioma cells to CPT-11. In both cell lines, CPT-11 inhibited cell proliferation in a concentrationdependent fashion as assessed by the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide assay ( Fig. 2A) . In contrast, no significant inhibition was seen in control cells treated with equivalent concentrations of vehicle in the absence of CPT-11 (data not shown). After this, we assessed the effect of the sequential administration of Delta-24 combined with several different CPT-11 concentrations. For these experiments, we designed a treatment schedule based on the hypothetical mechanism of the Delta-24-mediated potentiation of the drug effect (i.e., induction of topoisomerase I) and previous data indicating that the greatest accumulation of cells in the S phase occurs within 48 hours of Delta-24 infection (1). Thus, cells were infected with Delta-24 at a range of 1 to 10 MOIs, and CPT-11 was added 48 hours later. The IC 50 dose of CPT-11 decreased from 3.4 Amol/L in U-87 MG cells infected with UVi Delta-24 to 1.5 Amol/L in Delta-24-infected cells infected at a dose of 10 MOIs (P < 0.001) and from 7.2 Amol/L in UVi Delta-24 -infected U-251 MG cells to 1 Amol/L in Delta-24-infected cells infected with 10 MOIs (P < 0.001; Fig. 2A ; Table 2 ). The IC 50 for CPT-11 was modified significantly (to f2.5 Amol/L) in both U-87 MG and U-251 MG cells infected with 2 MOIs of Delta-24. Importantly, in an independent set of experiments, we tested whether Delta-24 was potentiating the CPT-11-mediated cytotoxicity in glioma cultures. In this experiment in which low doses of both Delta-24 (2 MOIs) and CPT-11 (2.5 Amol/L) were used, we observed that the effect of the combination of the two agents exceeded the total effect of the two when given alone in both U-87 MG and U-251 MG cells (Fig. 2B) .
Sequential administration of Delta-24 and CPT-11 did not modify the replication capability of the adenovirus. Viral replication assays done after the combined treatment of glioma cells with Delta-24 and CPT-11 showed that there was no significant modification in the replicative phenotype of the oncolytic adenovirus when it was combined with the topoisomerase I inhibitor under the conditions used in this experiment. Specifically, the resulting viral titers after both treatments differed by only 0.13 F 0.37 and 0.63 F 0.45 orders of magnitude in the U-87 MG and U-251 MG cells, respectively (Fig. 3) . These results show that Delta-24 replicated with a similar efficiency whether given singly or in combination with CPT-11 (P > 0.1; double-sided t test). This indicated that the anticancer effect observed in cells treated with Delta-24 and CPT-11 could be the result of the Delta-24-mediated potentiation of the effect of CPT-11.
Combined antiglioma effect of Delta-24 and CPT-11 in vivo. To assess the potential therapeutic relevance of the findings from the in vitro studies, we tested the Delta-24/CPT-11 sequential treatment in an in vivo model of a human glioma xenograft implanted intracranially that had been validated for testing the antiglioma effect of Delta-24 (8) . On day 3 after U-87 MG cell implantation, animals were treated with a single intratumoral injection of Delta-24 or UVi Delta-24 (1.5 Â 10 8 viral particles in 5 AL). CPT-11 was given on days 7, 12, and 20 after cell implantation (5 mg/kg i.p.). The median survival was 27 days in the control group of animals (treated with vehicle plus UVi Delta-24), and all these animals died by day 32. Treatment with CPT-11 (plus UVi Delta-24) or a single dose of Delta-24 (plus vehicle) extended the survival by an average of 4 and 8 days, respectively (P = 0.001 and P < 0.0001, respectively, compared with vehicle-treated animals). The combination treatment consisting of Delta-24 followed by CPT-11 resulted in the most substantial increase in animal survival (median overall survival of 42 days; Fig. 4A and Table 3 ). In addition, the overall survival of the animals treated with the combined therapy differed significantly from that in animals treated with either agent alone (P < 0.005, log-rank test), as did differences in the 60-day survival rate (P < 0.012, Fisher's test). Of further relevance, there were no long-term survivors among the animals receiving a single-treatment regimen; however, 7 of 31 (22.5%) animals treated with the combination of Delta-24 and CPT-11 survived >3 months after tumor implantation without showing any sign of neurologic distress. Examination of the brains of the animals showed that all animals that died had evidence of intracranial tumor. In contrast, microscopic examination of the brains of the longterm surviving animals that received the combination treatment showed complete tumor regression. In these animals, we did, however, identify sequelae of the tumors, including dystrophic calcification and microcyst formation, at the tumor implantation site in the right caudate nucleus (Fig. 4B ). Immunohistochemical analyses of the brains of the long-term survivors using both anti-E1A and anti-hexon antibodies failed to detect viral particles (data not shown). Further, we did not observe E1A expression or signs of inflammation in the normal brain tissue.
Discussion
Our data revealed, for the first time, that the infection of human glioma cells with a mutant replication-selective adenovirus, Delta-24, up-regulated topoisomerase I and increased chemosensitivity to CPT-11. In addition, we showed that the sequential administration of Delta-24 and CPT-11 had an anticancer effect in vivo. This constitutes further evidence showing that most tumors, including malignant gliomas, have a better response to combination therapies than to single therapies. Results from this study also indicated that there is a rational basis for the development of more effective cancer therapy consisting of the combined and sequential administration of adenovirus and chemotherapy, specifically the sequential administration of an oncolytic adenovirus and S-phase-specific chemotherapy.
In the clinical setting, the combination of a mutant adenovirus, the dl1520 (also called ONYX-015) oncolytic adenovirus (13) , and chemotherapy has already been proven successful. In particular, the combined administration of cisplatin or 5-fluorouracil with dl1520 had a dramatic anticancer effect in patients with head and neck cancer (14) . The mechanism by which the adenovirus enhances the effect of cisplatin or 5-fluorouracil has not yet been elucidated, but several factors have been proposed to explain the additive or synergistic effect of these combinations. One factor may be the local production of tumor necrosis factor after the intratumoral injection of the adenovirus (15) . Because the dll520 adenovirus causes cancer cells to enter the S phase, our observations in the present study indicate that cell cycle -related chemosensitivity may be another key mechanism. Other anticancer therapies, such as radiotherapy, have also been reported to be potentiated by oncolytic adenovirus, although the underlying mechanisms for this are being investigated as well (16, 17) .
In this study, we combined Delta-24 with CPT-11 for several reasons. First, chemotherapy remains part of the treatment for gliomas, with some of the most encouraging results to date seen for chemotherapy-based treatments of malignant gliomas coming from clinical trials of CPT-11 (18) . Due to its extremely short half-life, SN-38, the active metabolite of CPT-11, cannot be directly administrated in vivo; therefore, we opted to perform this study using CPT-11 both in vitro and in vivo. Moreover, it has been already shown that cancer cell lines, including glioma cell lines, express carboxylesterase activity and are able to convert CPT-11 into SN-38 (19, 20) . We believe that the use of CPT-11 in both in vitro and in vivo makes this study more internally consistent than using separate compounds in both tested scenarios. Second, the effect of CPT-11 is most marked in cells in the S phase. In particular, flow cytometric analyses of cell death triggered by DNA topoisomerase I inhibitors have shown that, in most cases, S-phase cells were mainly affected by these agents (21) . These data corroborated those from previous studies indicating that cells in the S phase are 100 to 1,000 times more sensitive to camptothecin than cells in the G1 or G2 phase (22) . Our data are consistent with the data from these studies, further showing that inducing cells to enter the S phase constitutes a clear rationale for the combined use of S-phase-targeted therapies and oncolytic adenoviruses. In addition to possibly enhancing the effect of the drug on cells already in the S phase, the ability of adenoviruses to infect quiescent cancer cells may also render slow-growing tumors more sensitive to S-phase-dependent treatments. On the other hand, replication of the adenovirus in cells treated with topoisomerase I inhibitors is probably possible because the adenovirus encompasses its own topoisomerase I and helicase functions (23, 24) that can lead to efficient replication in a cell-free environment (25) . Finally, we chose CPT-11 because, in addition to inducing cells to enter the S phase, adenovirus infection induces increased levels of topoisomerase I (6, 7) . Our data confirmed these previous observations and suggest that increased topoisomerase I levels and activity during adenoviral infection could make cancer cells more sensitive to CPT-11. This would be particularly important in those cases in which resistance to the drug is due to low topoisomerase I levels.
Delta-24 is being tested by independent groups in several laboratories (26, 27) , and modifications of this construct could be available for clinical use soon. Although, at this stage, the toxicity associated with the combination of oncolytic adenoviruses and topoisomerase I inhibitors is not known, our data encourage further studies of this therapeutic modality. We conclude that there is a clear molecular and cellular rationale for combining topoisomerase I inhibitors and oncolytic adenoviruses for the treatment of gliomas and that oncolytic adenoviruses have much to offer as anticancer agents, especially in combination with the conventional therapies chemotherapy and radiotherapy. As more is learned about the molecular mechanisms of oncolytic adenoviruses, the rational combinations of more potent agents with a greater anticancer action will become clearer. 
